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Abstract
Sea urchin primary mesenchyme cells (PMCs) ingress into the blastocoel during an epithelial-to-mesenchymal transition (EMT), migrate
along the blastocoelar wall for a period of time, and then settle into a subequatorial ring to form the larval skeleton. Fluorescent-marked
blastomeres alone, or in combination with blastomere recombination, were used to track the position of PMCs during the early phases of
this movement. Micromeres expressing Golgi-tethered GFP (galtase-GFP) were transplanted onto TRITC-stained hosts (in place of the
endogenous micromere) to observe the progeny of a single micromere. Galtase–GFP as a Golgi marker is not transferred between PMCs
when the syncytium forms. Thus, the position of cells can be followed relative to beginning position for longer periods than previously
reported. The PMC progeny of a single micromere do not disperse upon ingression, but instead remain in a closely associated cluster.
Generally, progeny of a single micromere remain in the quadrant of origin. In total, greater than 94% of labeled PMCs remain within the
local region of ingression. By contrast, when a transplanted micromere is placed at the vegetal plate after removing all 4 host micromeres,
the resultant PMCs ingress and migrate into all 4 quadrants. Similarly, if 1 blastomere is injected at the 2-cell stage, and later the 2 unlabeled
micromeres are removed at the 16-cell stage, the remaining PMCs ingress into all 4 quadrants of the vegetal plate. We conclude that the
normal restriction of PMCs to a quadrant is due to mechanical constraint from other micromere–PMCs. If a labeled micromere is placed
ectopically at the macromere/mesomere boundary, the PMC progeny ingress ectopically and migrate longitudinally along the animal–
vegetal axis only. Injection of galtase–GFP into one blastomere at the 4-cell stage shows a 2-step pattern of localization. At late mesenchyme
blastula and early gastrula stages, greater than 90% of GFP-expressing PMCs remain in the injected quadrant, while at mid- to late-gastrula
stage and beyond, more PMCs are found outside the injected quadrant. The migration that sets up the asymmetry of the larval skeleton first
occurs around mid- to late-gastrula stages, when some PMCs from an aboral quadrant migrate to the adjacent oral quadrant. In all, these
data combined with previous data suggest that freshly ingressed PMCs migrate along a longitudinal path toward the animal pole and back
toward the vegetal pole. Beginning at mid- to late-gastrula stage, PMCs utilize oral–aboral cues from the ectoderm for the first time. At this
time, some aboral PMCs migrate into the adjacent oral quadrant to assist in the formation of the ventrolateral cluster.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The primary mesenchyme cells (PMCs) of the sea urchin
are one of the best models for studies of mesodermal cell
migration. The PMCs are so easily observed within the
transparent embryo that developmental biologists from the
time of Boveri (1901) have been intrigued with the move-
ment of the PMCs and the mechanisms used to build the
larval skeleton. A classic set of papers by Gustafson, Kin-
nander, and Wolpert describe in great detail, via time-lapse
cinematography, the morphogenesis of the urchin embryo,
including PMC ingression and migration (Gustafson and
Kinnander, 1956a,b, 1960; Gustafson and Kinnander, 1960;
Gustafson and Wolpert, 1961, 1967, 1999; Kinnander and
Gustafson, 1960; Wolpert and Gustafson, 1967). More re-
cently, molecular and cellular insights into PMC ingression
have added to our understanding of this process, and these
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advances, in turn, prompted a new wave of studies to elu-
cidate mechanisms of ingression, migration, and patterning
of PMCs (Ettensohn, 1992, 1999; Ettensohn and Sweet,
2000; Hardin et al., 1992). The PMCs undergo an epithelial-
to-mesenchymal transition followed by migration through-
out the embryo. Ingression into the blastocoel is assisted by
cellular pulsation, which pushes the basal end of the cell
into the blastocoel, while the apical membrane remains
temporarily attached to the hyaline layer (Anstrom, 1992).
At this point, the PMCs “pile up” inside the vegetal plate
until the contacts are released, the cells divide (in some
species), and then begin migration.
Signals emanating from the epithelial cells of the blastula
regulate the migration of PMCs within the blastocoel (Et-
tensohn and McClay, 1986; Hardin et al., 1992). Early
migration is away from the vegetal pole to the animal
section of the embryo. While in the animal region, the
PMCs move in what has been described as “random walk-
ing,” during which time, movement is described as uncoor-
dinated and undirected over small distances (Gustafson and
Wolpert, 1999; Malinda and Ettensohn, 1994). The PMCs
then respond to an unknown signal that is both spatially and
temporally distinct and which causes the cells to move to a
subequatorial position, where they associate, form a synci-
tium, and then build the skeleton.
Although PMCs migrate first from the vegetal plate to-
ward the animal pole, then migrate back toward the vegetal
plate where they form a syncitial ring, the movements of
PMCs in the oral–aboral axial direction have not been
carefully monitored. Dye-labeled PMCs inserted into the
blastocoel found their way to the PMC ring by migrating
along the A-V axis correctly, but the degree to which these
cells migrated in an oral–aboral direction was not monitored
closely (Ettensohn and McClay, 1986). At some point, how-
ever, the PMCs require positional information to construct
the skeleton with the correct pattern. The critical test of
when directed migration occurs in the different axes has not
been reported, nor were experimental details known about
the early phases following ingression.
If heterochronic transplants of PMCs are performed from
an older embryo to a younger embryo, the PMCs settle on
the floor of the blastocoel, but the PMCs migrate on the
temporal schedule of the host. This was the first suggestion
that host (ectodermal) information is used for PMC pattern-
ing behavior (Ettensohn and McClay, 1986). Ettensohn
(1990) later showed that PMCs from one position along the
skeletal ring could be transferred to a different embryo
where they formed other portions of the skeleton. These
results suggest one or more of several possibilities. The
PMCs may remain uncommitted to production of a specific
piece of skeleton until after syncitium formation (when
experimentally PMCs can no longer be moved). Alterna-
tively, PMCs might be conditionally specified to position
prior to syncitial formation. The remaining possibility is
that PMCs are never positionally specified and simply are
programmed by incoming positional signals to make a piece
of skeleton, the pattern of which is defined by the complex-
ity of the positional signals received. To determine how the
skeleton is patterned, one of the major pieces of information
needed is to know when the PMCs actually begin to acquire
external information.
The earliest indication that PMCs use information ob-
tained from the substrate is the input that allows them to
move. Heterochronic studies of PMCs inserted into older or
younger hosts showed that PMCs ingress but do not move
from the area of the vegetal plate until the host substrate is
appropriate (Ettensohn and McClay, 1986). The timing of
other inputs that confer patterning have not been described
well since previous analyses have perturbed the system and
only looked at eventual pattern outcome. In the present
study, we asked whether and when PMC migration occurs
with an underlying pattern. Fluorescent molecules and
Golgi-tethered GFP mRNA (galtase–GFP) provided lineage
markers to observe the pattern of PMC ingression. The
results suggest that, although PMCs appear superficially to
pile up haphazardly in the vegetal plate after ingression,
they actually tend to remain in their quadrant of origin.
Further, as suggested by the studies of Kinnander and Wol-
pert (1956) and Malinda and Ettensohn (1994), migration
occurs longitudinally away from the vegetal pole, then back
along the same general longitudinal line to the site of skel-
etal ring formation. That migration is directed. Experiments
show initial migratory restriction to a quadrant that is not
due to specification or commitment, but instead simply to an
initial spatial constraint as neighboring cells accumulate in
the vegetal plate after ingression. PMCs are confined spa-
tially to their original quadrant. The trajectory of migration
then uses animal–vegetal information only, since PMCs in
migration quickly are unconstrained by spatial packing yet
continue to migrate only in an animal then vegetal direction
along the longitudinal axis. The first evidence of PMCs
using oral–aboral cues supplied by ectoderm occurs late in
the gastrula stage, in the syncitium, when some aboral
PMCs migrate into the oral region to assist in ventrolateral
cluster formation.
Material and methods
Sea urchins
Gravid Lytechinus variegatus were obtained from either
Sue Decker Enterprises (Davie, FL) or Jennifer Keller
(Duke University Marine Laboratory, Beaufort, NC). Ga-
metes were isolated through injection of 0.5 M KCl. Oo-
cytes were dejellied through 102-micron mesh Nitex three
to five times.
Injections
Oocytes were attached to 60-mm petri dish lids previ-
ously coated with 1% protamine sulfate (Sigma, Inc.). For
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Fig. 1. Models of PMC ingression. The progeny of each of the four original skeletogenic micromeres are labeled a different color. To the left of each panel,
the illustration places the PMCs hypothetically as they might be distributed just following ingression. To the right, the illustration shows the expected
distribution of PMCs from the four quadrants just as the syncitial ring begins skeletogenesis. (A). The micromere progeny mix while they ingress and end
up spread randomly through the skeletal ring. (B). The micromere progeny ingress within a quadrant of the animal, but then mix during migration. (C). The
micromeres ingress within a quadrant, then during migration, the cells organize themselves based on axial positioning (i.e., left–right and aboral–oral). (D).
As in (C), the micromeres ingress within their quadrant of origin, then migrate within that quadrant. Unlike in (C), ingression into the quadrant is based solely
on cleavage position and is not dependent on axial positioning.
Fig. 2. Schematic representation of transplant experiments. (A–C) Donor micromeres are from zygotes injected with galtase–GFP, which labels the Golgi
apparatus of each cell and is not transferred within the PMC syncitium. Host embryos were stained with TRITC to give red fluorescence. (A) A 16-cell-stage
donor micromere is transferred to a host in the same position as the endogenous micromere that was removed. (B) A 16-cell-stage donor micromere is
transferred to the vegetal pole of a host from which endogenous micromeres were removed. (C) A 16-cell-stage donor micromere is placed at the
macromere/mesomere boundary. The progeny ingress along the lateral portion of the blastocoel. (D) Injection of galtase–GFP into 1 cell of a 2-cell-stage
embryo (or into 1 cell of a 4-cell stage embryo). At the 16-cell stage, endogenous, uninjected micromeres were removed.
transplant experiments, the oocytes were fertilized in 10
mM p-aminobenzoic acid (Sigma, Inc.) to prevent harden-
ing of the fertilization envelope. Injections were performed
as previously described (Mao et al., 1996; Sherwood and
McClay, 1999). An mRNA encoding human -1,4-galacto-
syltransferase fused to the GFP protein (galtase-GFP) was
Fig. 3. Laser scanning confocal microscopy of live embryos resulting from micromere replacement experiments. (A–D) TRITC fluorescence. (A–D) GFP
expression in the Golgi of transplanted micromere/PMCs. (A–D) Overlaps of the rhodamine and GFP images. In (A), the vegetal plate is facing out of the
page. In (B), the animal pole is up, and the vegetal pole is down. (C, D) Animal views along the animal–vegetal axis. (A–A) A preingression blastula-stage
embryo in which all the micromere progeny remain clustered in a small region of the vegetal plate. (B–B) Ingression from the vegetal plate as a cluster onto
the basal lamina. From this lateral view, one cannot determine the radial extent of PMC distribution, only that the PMCs remain in one-half of the blastocoelar
floorplate. (C–C) A midgastrula embryo showing all of the GFP-labeled PMCs lying within one-half of the embryo, and in this case, most commonly seen,
within one quadrant, while two small micromeres are found in the tip of the archenteron (this is the normal location of small micromeres). (D–D) One of
the small number of cases where ingression and migration were not restricted to a quadrant. Shown is a late-gastrula embryo with one PMC of the four that
can be seen distributed outside a confined area of the blastocoel (additionally, one small micromere is at the tip of the archenterons). Some PMCs lie on top
of each other in this embryo and some are out of the plane of focus, which is why few labeled cells are actually seen.
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made by using a mMessage mMachine Sp6 Kit (Ambion,
Inc.) after digestion of the plasmid with BglII (Cole et al.,
1996; Terasaki, 2000). Purified galtase–GFP mRNA was
injected at different concentrations to obtain the greatest
signal to survivability. Dextran 10,000 MW conjugated to
rhodamine or Texas-Red was used for some coinjections
(RD; TX-Red; Molecular Probes). Tetramethylrhodamine
isothiocyananate (TRITC; Sigma) was added to seawater at
an approximate dilution of 1:10,000 to stain host embryos in
transplant experiments.
Microsurgery
Embryos were rinsed briefly in calcium-free seawater
and transferred to a modified Kiehart chamber (Kiehart,
1982). In experiments involving the removal of a micro-
mere, or movement of a micromere from a donor to a host,
the embryos were manipulated with 2 glass needles, one
serving as a suction pipette and the other serving as a
maneuvering device. At the 16-cell stage, micromeres were
either removed by suction and discarded or transplanted
onto host embryos in defined positions. In all transplants,
the donor cells were labeled by GFP expression and rhoda-
mine dextran. For PMC mixing experiments, PMCs were
manipulated by insertion of a needle the diameter of a PMC
into the blastocoel. PMCs were picked up and then scattered
randomly throughout the blastocoel.
Confocal microscopy and data collection
Live embryos were removed from culturing dishes and
placed on poly-L-lysine-coated glass slides (Sigma). Two
pieces of double-stick tape were placed on either side of an
artificial saltwater droplet containing the embryo and used
as a mount for a 0-thickness coverslip. Embryos were ex-
amined at low laser energy to minimize damage. The em-
bryo was scanned by using 2.0-micron Z-sectioning, the
images were combined into a 3-D stack, and the stack was
then rotated along 360° to allow accurate counting of GFP-
positive cells.
Assignment of GFP-expressing PMCs to a hemisphere or
a quadrant after 2-cell and 4-cell injections was based on the
surrounding ectoderm, which continued to express galtase–
GFP. For 2-cell-stage and transplant experiments, embryos
were scored according to 3 standards. The embryos were
“positive” when greater than 90% of the galtase–GFP-ex-
pressing cells were found within one-half or one-quarter of
the embryo; “negative” when fewer than 90% of GFP-
expressing PMCs were within the injected one-half or one-
quarter; and, “undetermined” when fixation or embryo po-
sition rendered the embryo uncountable. All cell counts
were normalized to 32 or 16 [the number of PMCs within
one-half or one-quarter of an embryo given an average of 64
(Ettensohn, 1990)].
Results and discussion
The first two cleavages in the sea urchin embryo occur
along the animal–vegetal axis, dividing the embryo into
four quadrants. Each of these quadrants gives rise to two
mesomeres, a macromere, and a micromere at the fourth
cleavage. Each micromere divides unequally at the fifth
cleavage to give rise to a small and a large micromere, the
latter of which gives rise solely to the PMCs and the larval
skeleton. The result of this stereotypic cleavage is that each
micromere gives rise to one-quarter of the embryo’s PMC
population (8 of 32 cells at ingression or 3 divisions of each
micromere). Given this geometric positioning of a micro-
mere to each quadrant in these radially cleaving embryos,
several outcomes of PMC ingression and migration could be
imagined (Fig. 1). First, the PMCs could ingress randomly
and then end up dispersed throughout the blastocoel (Fig.
1A). Second, the PMCs could ingress into the quadrant from
which they arose and then become dispersed randomly
throughout the blastocoel (Fig. 1B). While no publications
have addressed this issue directly, several reports indicate
that PMC migration seems somewhat haphazard (Malinda
and Ettensohn, 1994; McCain and McClay, 1994; Wolpert
and Gustafson, 1967), thus implying that one of the two
models above must occur. Third, the PMCs could be con-
ditionally specified to a quadrant, then ingress and migrate
with respect to that specified axial coordinate system (Fig.
1C). The conditionality of this possibility is required by the
many perturbation studies that show each PMC to have an
ability to make any part of the skeleton. Lastly, the PMCs
could ingress into a quadrant based on their position within
the vegetal plate during cleavage and then migrate with a
restricted set of directional cues and remain in the quadrant
from which they arose (Fig. 1D). The difference between
this model and the previous model is that, here, the cleavage
planes define a quadrant that has no association with the
animal’s axes and the restricted trajectory may have nothing
to do with a prespecified condition of the PMCs. Thus, in
the figure, the arrows show cleavage occurring 45° away
from the previous model, yet the resultant PMCs remain
within their quadrant. Regardless of the early rules govern-
ing PMC distribution, later in gastrulation eventually more
PMCs end up in the oral half than in the aboral half of the
embryo. Thus, it is expected that, at some point, some
PMCs migrate from the aboral half to the oral half. The
experiments described below address which of the above
models best fit PMC ingression and migration, and they ask
when PMCs use the axial positional information necessary
for patterning.
Micromere progeny ingress and migrate within a single
hemisphere
To study the patterning of PMC ingression and migra-
tion, a native micromere was removed and replaced with a
micromere expressing galtase–GFP (Fig. 2A). Care was
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taken to assure that the micromere inserted was placed in
the exact location of the endogenous micromere that had
just been removed. If ingression and migration were ran-
dom, then the progeny from the single micromere should be
spread throughout the blastocoel after ingression. As ex-
pected, before ingression, the GFP-expressing cells are clus-
tered together in the blastula epithelium (Fig. 3A–A) (Ur-
ben et al., 1988). At ingression, rather than dispersing
randomly into the blastocoel onto the floorplate, the labeled
sibling cells ingress as a group and remain within their
original quadrant within a subsection of the blastocoel (Fig.
3B–B). They do not mix with PMCs arising from neigh-
boring micromeres.
The GFP-expressing PMCs were followed through the
late-gastrula stage to observe the position of labeled PMCs
within the skeletal ring. Of the 34 embryos scored, 81% had
more than 90% of the labeled PMCs in the half of the
embryo that received the transplanted micromere, and by
far, the most common pattern seen was PMCs in a single
quadrant (Fig. 3C–C). In 19% of the embryos, fewer than
90% of the PMCs remained in the correct quadrant, though
even in these cases, many more than one-half of the PMCs
remained in the quadrant of origin. Of all PMCs scored in
these experiments, more than 94% stayed within the area of
origin. When production of the skeleton begins, most GFP-
labeled PMCs contribute to a single contiguous segment of
larval skeleton, though in each case examined, a few cells
disperse to other regions of the skeleton. These data suggest
that, in most cases, ingression and migration of PMCs is not
random, but that PMCs are packed into the floorplate fol-
lowing ingression within the quadrant from which they
arise.
PMCs ingress and migrate without being committed
to do so
To characterize the ingression and migration of PMCs
under normal conditions, the migratory activity of labeled
PMCs within an injected hemisphere was examined without
any transplantation manipulation (even though the trans-
plants were performed with care, there was always a danger
that these might introduce their own error). Embryos were
injected at the two-cell stage with galtase–GFP and rhoda-
mine dextran. The first cleavage occurs along the animal–
vegetal axis, thus injections at the two-cell stage label all
three germ layers in one-half of the animal. The PMCs from
the injected half are labeled with galtase–GFP and rhoda-
mine dextran, while the PMCs from the uninjected half are
not. At mesenchyme blastula stage, the labeled PMCs in-
gress within the hemisphere from which they arose, con-
firming the transplantation results (Fig. 4A). At later time
points, the labeled PMCs give rise to skeleton within the
same hemisphere, again confirming the transplantation data
(Fig. 4B). These results reinforce the conclusion that ingres-
sion and migration occur locally and cells migrate only with
an animal–vegetal trajectory within their region of origin. In
all cases scored, 91% of PMCs remained within the injected
hemisphere, a finding that corroborates the transplantation
results (Table 1). Thus, the PMCs appear to ingress, mi-
grate, and begin skeletogenesis in the localized region from
which they arose.
The next experiment was aimed at determining whether
this localized ingression and PMC placement was accom-
panied by territory-specific specification. Embryos with one
blastomere injected with galtase–GFP at the two-cell stage
were allowed to develop until the mesenchyme blastula
stage. At this point, the PMCs were randomly mixed within
the blastocoel In control embryos, the labeled PMCs remain
within the labeled half (Fig. 5A), while in mixed embryos,
the labeled PMCs are found throughout the skeletal ring
(Fig. 5B). In both cases, the skeletons are normal. Thus,
PMCs are not committed to form a specific segment of the
skeletal ring, but instead are able to form skeleton at any
position, a finding that confirms previous studies where
PMCs were inserted in random positions.
By examining the offspring of two-cell-stage injections,
we concluded that the ingression and migration of labeled
PMCs reflects their original position at the vegetal pole of
the animal. That position is not tied to oral/aboral or left/
right axial positions. In agreement with Summers et al.
(1996), the first cleavage plane of these Lytechinus embryos
does not absolutely establish either the left–right or oral–
aboral axes, although more than three-fourths of the em-
bryos injected at the two-cell stage had labeled halves that
were either the right or left hemisphere. Regardless of the
axial position of the first cleavage, however, the PMC off-
spring lie adjacent to the ectoderm that came from the same
two-cell blastomere. The approximate 20–25% of embryos
where first cleavage fails to divide right from left are no
different in PMC distribution; the PMCs in these remain
within the injected half rather than obey any axial informa-
tion once that information is available (at least until late-
gastrula stage). This suggests that the bias of PMC ingres-
sion and migration is not due to axial constraints.
Table 1
Percentage of PMCs remaining within their region of origin prior to late
gastrula
Experiment Stage observed Cells inside region
of originMB (N) MG (N)
Two- and four-cell injections 36 43 91.3%
Micromere replacements 9 25 93.9%
Note. This table summarizes all experiments scored for migration of
PMCs in injected embryos. “Two-cell injections” refers to experiments in
which one blastomere of a two-cell-stage embryos was injected. “Four-cell
injections” refers to experiments in which one blastomere of four-cell-stage
embryos was injected. “Micromere replacements” includes all transplan-
tation studies in which one micromere was tagged by prior injection of
GFP-galtase plus Rhodamine dextran, then transplanted onto the vegetal
plate. Three host micromeres remained untouched; the fourth was removed
to make way for the inserted tagged micromere. The stage scored and
number of cases is given. MB, mesenchyme blastula; MG, midgastrula.
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Fig. 4. Embryos expressing galtase–GFP after two-cell-stage and four-cell-stage injections. All images are partial confocal projections of live embryos with
the animal pole to the top. All cells of the injected blastomere have green Golgi spots, including ingressed PMCs (A, B) Two-cell-stage injections. (C, D)
Four-cell-stage injections. (A) A mesenchyme blastula-stage embryo showing all but one PMC remaining in the injected half. (B) Late-gastrula stage with
injected PMCs forming one-half of the skeleton. At this stage, the SMCs are delaminating from the tip of the archenterons, and three of those SMCs can be
seen on the unlabeled side of the embryo, but all PMCs in this embryo remain on the injected side. (C) Early mesenchyme blastula-stage embryo. All labeled
PMCs are confined to the labeled quadrant. (D) Late-gastrula-stage embryo with labeled PMCs forming the ventrolateral cluster within the injected quadrant.
Yellow arrowheads denote PMCs. All the progeny from the single-labeled micromere go to single quadrant of the syncitial ring Red arrowheads denote SMCs.
Fig. 5. Embryos in which the PMCs were mixed within the blastocoel. Two-cell-stage embryos were injected with galtase–GFP and Texas-Red dextran. (A,
B) Texas Red fluorescence. (A, B) GFP expression in the Golgi. (A, B) Overlaps of the rhodamine and GFP channels. (A–A) A normal mesenchyme
blastula-stage embryo injected at the two-cell stage. The PMCs are within the injected half and have not migrated into the uninjected side. (B–B) An
early-gastrula-stage embryo injected at the two-cell stage, which had its PMCs mixed at the early mesenchyme blastula stage. The PMCs have not migrated
back to their hemisphere of origin, but remain dispersed and, when followed, continue to be dispersed throughout the skeletal ring.
With reference to Fig. 1, three of the models are not
supported based on the experiments in Figs. 3 and 4. Models
A and B require mixing, which is shown not to occur.
Model C fails to be supported since the position of PMCs is
not tied to an axial positioning system, but is instead based
on their position within the vegetal plate. Thus, model D
best fits the above data as the most correct. PMCs ingress
into the quadrant from which they arose, regardless of the
axial orientation of the first and second cleavage planes.
This suggests that PMCs are not patterned along the oral–
aboral or left–right axes during ingression and migration,
but that their early migration simply occurs along the ani-
mal–vegetal axis.
Neighboring PMC quadrants impose packing constraints
that confine PMC ingression to the local quadrant
If PMCs ingress and remain within the quadrant from
which they arose without being committed to doing so, what
mechanism might account for this property? One hypothesis
is that the constraint is a simple mechanical property of
tightly packed cells. Two sets of experiments were per-
formed to examine this hypothesis. First, a single galtase–
GFP-expressing micromere was placed at the vegetal pole
of a host embryo with no other micromeres (Fig. 2B). The
PMC progeny of this micromere later are found throughout
the blastocoel (Table 1; Fig. 6B–B; compare with Fig.
6A–A), suggesting that, without the other three micromeres
and their progeny, the PMCs from one quadrant ingress in
all 4 quadrants of the vegetal plate, then migrate in every
quadrant of the blastocoel. However, there is a possibility
that placing the micromere at the exact vegetal pole is what
allowed the equal ingression and migration throughout the
blastocoel. So, in a second experiment, embryos were in-
jected at the 2-cell stage with galtase–GFP and allowed to
develop to the 16-cell stage. At the 16-cell stage, the 2
unlabeled micromeres were removed, thus allowing 2 la-
beled micromeres to develop in their original undisturbed
position but with no spatial constraint from neighboring
micromeres (Fig. 2D). In these experiments, the green
PMCs ingress into all 4 quadrants, then migrate everywhere
in the blastocoel (Fig. 7). These results therefore support the
Fig. 6. Embryos resulting from ectopic micromere transplants. All embryos
are at the gastrula stage after cell ingression, migration, and syncitium
formation. The animal pole is up in each case. All sections are partial
three-dimensional stacks through the center of the embryo. In each case, all
green PMCs are included in the stack. (A–C) TRITC fluorescence. (A, B,
C) GFP expression in the Golgi. (A, B, C) Overlaps of the rhodamine
and GFP images. In (A, A, A), galtase–GFP-expressing micromere re-
placed a host micromere, as in Fig. 3A. All the green PMCs are in one
quadrant with some contributing to the ventral–lateral cluster. (B, B, B)
Galtase–GFP-expressing micromere transplanted to the vegetal plate of
TRITC stained hosts with no micromeres. PMCs are seen around about
three-fourths of the syncitial ring. (C, C, C) Galtase–GFP-expressing
micromeres transplanted to the mesomere/macromere boundary of normal
TRITC-stained hosts. Though unconstrained by other PMCs, as control
PMCs are in the vegetal plate, these ectopically inserted PMCs migrated
along the A-V axis, but ended up confined to a small radial arc in the
syncitium, except for one cell that joined the ventrolateral cluster, indicat-
ing that, as with endogenous PMCs, ectopically inserted cells, uncon-
strained in the radial direction, nonetheless do not migrate radially.
Fig. 7. Embryos in which uninjected micromeres were removed from
2-cell-stage injected embryos at the 16-cell stage. (A) A control 2-cell-
stage embryo showing ingression of PMCs with all 4 micromeres present.
In this case, one of the PMCs is on the boundary, and all others are within
the original quadrant (see also Fig. 4A). (B) A mesenchyme blastula-stage
embryo arising from an embryo with only 2 injected micromeres and no
uninjected micromeres. In this case, one-half of the PMCs ingress into the
uninjected half of the vegetal plate, and half ingress into the injected half.
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hypothesis that localized retention of cells following ingres-
sion occurs due to packing constraints of other PMCs.
Early PMC migration occurs longitudinally along the
animal–vegetal axis only
Ectopic transplants were performed to further test the
pattern of PMC ingression and migration, in this case un-
constrained by nearby PMCs. In these experiments, a
galtase–GFP-expressing micromere was placed at the mac-
romere/mesomere boundary at the 16-cell stage (Fig. 2C).
The progeny of these transplanted micromeres ingress as a
cluster, migrate toward the animal, then the vegetal poles,
then join the syncitium similar to the result seen for PMCs
displaced manually (Ettensohn, 1990) and through shaking
(Driesch, 1896). In each case, the labeled PMCs were found
within a single region of the skeleton and not randomly
dispersed (Table 1; Fig. 6C–C). These data support the
notion that PMCs follow a simple longitudinal tract for all
vegetal–animal and animal–vegetal migrations.
PMCs migrate along the oral–aboral axis at the
midgastrula stage to set up the skeletal asymmetry
At some point, the PMCs must begin to migrate from one
A–V quadrant to another. Quantitatively, at the time skel-
etogenesis begins, the ventrolateral clusters contain 58% of
all PMCs, which in combination with the oral chain means
that 69% of all PMCs are in the oral half of the embryo
(Ettensohn, 1990). Assuming 64 PMCs in the average Lyte-
chinus variegatus embryo, and given a roughly equal dis-
tribution of PMCs to each quadrant through early gastrula-
tion, roughly 39% of the aboral PMCs must migrate to the
oral half at some point between the beginning of gastrula-
tion and the beginning of skeletogenesis. The following
experiment was performed to determine when and from
where this migration occurs.
Given the observed 75% chance that the first cleavage
divides the right and left halves of the embryo, galtase–GFP
injected into a single blastomere at the four-cell stage will
label an oral or aboral quadrant in 75% of all cases. At
mesenchyme blastula and early gastrula stages, most PMCs
still lie in the quadrant of origin, and in the few cases where
PMCs are found outside this quadrant, it usually is only one
or two cells (Figs. 4C and 8A; Table 1). If oral quadrant
PMCs remain in their quadrant of origin and all migration
into ventrolateral clusters occurs from the adjacent aboral
quadrant, the simple prediction is that 50% of the 75% of
four-cell-stage injections, or 37.5%, will have significant
quadrant-to-quadrant movement of PMCs. The observed
pattern closely fits this prediction (Fig. 8B), with a shift of
the PMCs away from the quadrant of origin a little under
50% of the time at late gastrula. These data suggest that the
PMCs do not use oral–aboral patterning information until
late in gastrulation. The question of when oral–aboral pat-
tern information is available is not addressed by these ex-
periments.
PMC behavior during ingression and migration follows a
simple set of rules
Micromere progeny are retained in a cluster that stays
generally in the quadrant of origin. PMCs ingress into the
blastocoel and continue to be limited to their quadrant of
origin through spatial exclusion by PMCs in neighboring
regions (Fig. 4). Early migration of PMCs is restricted to
vectors along the animal–vegetal axis. Toward the end of
gastrulation, some aboral PMCs migrate into the adjacent
oral quadrant. Whether the signal promoting this migration
is intrinsic to the PMC ring or relies on positional informa-
tion from ectoderm is not known. Because later positional
signals all seem to arise from the ectoderm, it is likely the
aboral-to-oral shift reflects onset of an ability to read these
signals from the ectoderm. Thus, it appears that the sea
urchin PMCs rely only on animal–vegetal cues until late in
gastrulation when signals from the ectoderm provide oral–
aboral information. It remains possible that the first move-
ment of PMCs from the aboral to the oral quadrant uses
some cues intrinsic to the PMC ring given evidence that
PMCs express at least one molecule (Tbx 2/3), differentially
along the oral–aboral axis, and that molecule could be
involved in morphogenesis (Gross et al., 2002).
Fig. 8. Distribution Plot of PMCs outside injected 4-cell quadrant. (A) At
late mesenchyme blastula and early gastrula stages, the number of PMCs
within each quadrant (16 possible in each case) remains high as represented
by the few cells that are found outside the quadrant (90% of all PMCs
remain within the quadrant of origin). (B) At midgastrula stage and be-
yond, the number of PMCs outside the injected quadrant increases. Over
one-half of the cases have 3 or more of the original 16 PMCs outside the
quadrant of origin.
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The PMCs sample their microenvironment in all direc-
tions using thin filopodia. During the period of time PMCs
are ingressing and moving in the blastocoel, very few thin
filopodia extend from these cells (Miller et al., 1995). In
agreement with the notion that acquisition of positional
information occurs through thin filopodia, it is not until late
gastrulation before the PMCs stop migration and begin
extending these processes in abundance. Processes similar,
if not identical to thin filopodia, called cytonemes, have
recently been modeled to have a position-sensing role in
development in both Drosophila melanogaster wing and
mouse limb bud (Kornberg, 1999). In the sea urchin, on
PMC, filopodia are extended throughout from the PMC
syncitial ring and from the PMCs at the end of the extending
skeleton (Miller and McClay, 1995; Malinda et al., 1995).
Our data show that PMCs are pushed onto the blastocoel
by pressure from neighboring cells that are ingressing si-
multaneously. The cells adhere to the blastocoelar matrix
and then move away from the vegetal pole in a relatively
straight line toward the animal pole. At some point later in
development, the PMCs reverse their trajectory and migrate
ventrally to the site where they will form the skeletal ring
(Malinda and Ettensohn, 1994). The signal underlying this
targeted migration is unknown at this time. Once aligned
along the circumference of the embryo, the PMCs undergo
a further migration in which the asymmetrical ventrolateral
clusters are formed. The signal responsible for this move-
ment is again unknown; however, we have shown that it
occurs at mid- to late-gastrula stage. Candidate molecules
necessary for the phases of PMC migration may well be
identified as one of the many benefits from the various sea
urchin genome projects (Cameron et al., 2000; Zhu et al.,
2001), but in any event, that information is not necessarily
expressed by the embryo until the late-gastrula stage. At the
time PMCs begin to make the skeleton, they not only re-
quire ectoderm to express a patterned array of ligands that
provide spatial cues, but the PMCs must be equipped with
receptors for all such patterning information and must also
be equipped with the capacity to integrate the incoming
information to participate in the production of a precise
skeletal pattern.
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